The Early Jurassic (~201-174 Ma) was marked by a series of rapid perturbations in climate, 13 the environment, and global geochemical cycles, which have been linked to volcanic 14 outgassing and the release of biogenic or thermogenic methane into the ocean-atmosphere 15 system. The state of the global carbon cycle and prevailing climatic and environmental 16 conditions that existed at this time are, however, poorly constrained. Here, mudrocks of the 17
[1] INTRODUCTION 38
The Early Jurassic (~201-174 Ma) was punctuated by several major and minor fluctuations in 39 climate, palaeoenvironment, and global geochemical cycles (Jenkyns et significant of these perturbations, the Early Toarcian Oceanic Anoxic Event (T-OAE, at 42 ~1 83Ma) (Jenkyns, 1985 (Jenkyns, , 1988 , was characterized by a globally observed negative carbon-43 isotope excursion (CIE) of as much as ~7‰ in marine and terrestrial organic matter and a 3-44 Palaeoclimatic and palaeoenvironmental change at this time led to the widespread 52 development of oceanic anoxia and euxinia via elevated nutrient supply, marine primary 53 productivity and water-column stratification. Enhanced productivity and preservation of 54 sedimentary organic matter led to the increased burial of organic matter in marine and, 55 potentially, lacustrine environment and caused the overarching positive carbon-isotope 56 excursion due to preferential burial of isotopically light carbon (Jenkyns, 2010) . The T-OAE 57 has now been extensively studied and has been recognized in both hemispheres (Jenkyns, 58 Quality control was provided by the in-house SAB134 standard and the certified IFP160000 254 standard, which were regularly run between samples. The standard deviations on TOC and HI 255 analyses of the in-house SAB134 and the reference IFP160000 standards are, respectively, 256 0.07% and 0.07% (TOC) and 22.7 mg HC/g TOC and 10.6 mg HC/g TOC (HI). 257
Analyses of δ 13 C TOC were performed on one gram of homogenized sample that was 258 treated with 40 mL cold HCl (3 molar) to dissolve the carbonate. Samples (dissolved in 3 259 molar HCl) were then put on a hot plate for 2 hours at 60°C. They were subsequently rinsed 4 260 times with distilled water to reach neutral pH. About 1-15 mg, depending on TOC 261 concentration, of oven-dried and powdered decarbonated sample residue was weighed into 262 8×5 mm tin capsules for δ 13 C TOC analyses. These analyses were performed on a Sercon 263
Europa EA-GSL sample converter connected to a Sercon 20-22 stable-isotope-ratio mass 264 spectrometer (Sercon Limited, Crewe, UK) running in continuous flow mode with a helium 265 carrier gas with a flow rate of 70 ml/min. Carbon-isotope ratios were measured against an 266 internal alanine standard (δ 13 C alanine = -26.9‰ ± 0.2‰ V-PDB [Vienna Peedee belemnite]) 267 using a single-point calibration, at the Research Laboratory for Archaeology and History of 268 Art (RLAHA), University of Oxford, UK. The in-house (RLAHA) alanine standard is 269 checked weekly against the certified USGS40, USGS41, and IAEA-CH-6 international 270 reference standards, with a long-term average alanine δ 13 C value of -26.92‰ and a standard 271 deviation of 0.15‰. 272
Analyses of carbonate δ 13 C were performed at the Stable Isotope Laboratory at the 273 Open University, Milton Keynes, UK. Bulk samples were dissolved in phosphoric acid on a 274
Thermo Gas Bench II, and C and O isotope analysis was performed on a Thermo Finnegan 275
Delta+ Advantage mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 276
Carbon-and oxygen-isotope compositions were expressed relative to VPDB by reference to 277 in-house carbonate standards calibrated to NBS-19. Reproducibility is ± 0.1‰ for O, and < 278
0.1‰ for C. 279
Standard palynological techniques (Wood et al., 1996) were used, and sample 280 preparation was carried out at the National Oceanographic Centre, University of 281 Southampton, UK. The samples were rough-crushed and then subjected to successive 282 treatments in 30% HCl and 60% HF, with both treatments being followed by rinsing of the 283 sample with deionized water to neutral pH. Following the HF treatment, the samples were 284 sieved at 15 µm. This process was followed by a short treatment in hot concentrated HCl to 285 solubilize any neoformed fluorides. The samples were then diluted with 500 ml of water and 286 sieved again at 15 µm. The resulting kerogen concentrate was stored in vials, and strew-slides 287 were mounted in Elvacite 2044. The TOC content in the studied succession is generally between 1-3%, but increases up to 301 10.9% in the organic-rich laminated black-shale interval at the lower part of the succession. 302
Total organic-carbon values are also elevated at discrete horizons at ~3, ~6.5, ~10.8 and ~12.9 303 m in the cliff section at Kilve (Fig. 3) . High-resolution carbon-isotope analyses of bulk-rock 304 samples, from ~4 m below the black-shale interval up to 4.5 m above the methane-seep 305 horizon, exhibit a distinct 3‰ negative excursion in δ 13 C TOC and a 2‰ negative excursion in 306 δ 13 C carb (Fig. 3) . The δ 13 C TOC negative shift is similar in magnitude to that previously observed 307 in coeval strata of nearby East Quantoxhead (Ruhl et al., 2010) . The depleted δ 13 C TOC directly 308 coincides with elevated TOC values in the laminated black shale; δ 13 C carb values remain, 309 however, low for another ~1.5 m, with TOC concentrations already restored to background 310 values (Fig. 3) . Hydrogen Indices from Rock Eval pyrolysis vary between 108 and 720 mg 311 HC/g TOC, with consistently elevated values in the laminated black-shale interval (Fig. 3) . 312
Elevated HI values closely match high TOC in the lower part of the section (up to 7 m), but 313 this relationship breaks down in the upper part of the studied interval (Fig. 3) . Tmax values of 314 428-440°C suggest an immature to early mature kerogen in the studied succession 315 (Supplementary Table 1 ). The characterization of kerogen type, defined by both HI and Tmax 316 values of the studied samples, suggests a gradual transition of kerogen Type II, to Type I and 317 back to Type II/III up-section (Fig. 3) . These transitions suggest distinct changes in the 318 composition of the sedimentary organic matter in terms of the relative proportions of marine 319 phytoplankton and terrestrial higher-plant organic matter. The bulk-rock δ 13 C carb record of the 320
Lower Sinemurian at Kilve, geographically ~50 m away from the nearest visible conical seep 321 mound (although mounds may be hidden in the cliff near the sampled section), also exhibits a 322 shift to relatively depleted values at the level of the seep mounds (Fig. 3) . Samples studied for palynomorphs and kerogen are generally strongly enriched in amorphous 334 organic matter (AOM), which is typical for black shales, and the palynomorph diversity is 335 relatively low (Fig. 3) . The percentage AOM relative to total kerogen (% AOM/total kerogen) 336 is especially high (up to 80%) in the black-shale interval, where wood accounts for only 8% 337 13 of the total kerogen (Fig. 3, Supplementary Table 2 ). Fern spores are generally low in 338 abundance, whereas the gymnosperm pollen species Classopollis meyeriana is consistently 339 superabundant, accounting for more than 88% of the total terrestrial palynomorph 340 composition (Fig. 3) . The Classopollis meyeriana abundance increases to almost 100% of the 341 terrestrial palynomorph fraction in the laminated black-shale interval (Fig. 3) . A subsequent 342 change in palynofacies is observed from 6.15 m upwards, where the palynomorph 343 composition becomes more diverse, with the presence of acritarch genus Micrhystridium; the 344 amount of wood fragments also increases ( Fig. 3; Supplementary Table 2 ). By contrast, 345 palynomorph diversity is much lower, AOM content is higher, and the prasinophyte (green 346 algae) genus Tasmanites dominates the microplankton in the laminated black shale with 347 depleted δ 13 C values ( Fig. 3 ; Supplementary Table 2) . 348
The relative abundance of Tasmanites, relative to the total microplankton assemblage, 349 gradually decreases from 100% at the top of the laminated black-shale interval to ~16% at the 350 top of the studied section (Fig. 3) . The percentage of marine palynomorphs relative to the 351 total palynomorph assemblage (marine + terrestrial palynomorphs) is generally low (< 13.4%), 352 and is especially low in the laminated black-shale interval (Fig. 3) . The observed ~3‰ negative excursion in δ 13 C TOC at Kilve ( and of a mixed marine/terrestrial origin, resulting in somewhat elevated HI values (Fig. 3) . 378
The organic-rich laminated black shale was probably deposited under anoxic (or euxinic) 379 conditions, given the distinct lack of bioturbation. By contrast, the underlying and overlying 380 mudrock beds are strongly bioturbated, and the trace fossil Diplocraterion reappears at the 381 top of the black-shale interval ( (Fig. 3)  446 and increased amounts of AOM. This Type I kerogen may have been sourced by bacterially 447 degraded marine algal organic matter (Fig. 3) ., 2010; Fig. 3) . 453
The HC/g TOC and relatively sparse (6%) marine palynomorphs (Fig. 3) ). Therefore, methane 504 seepage from the seafloor was likely localized and concentrated at the seep mounds, with its 505 oxidation mostly at and around the mounds and with limited dispersion into the surrounding 506 water-column and atmosphere. The model proposed here (Fig. 7) suggests that biogenic methane was sourced from the 516 underlying Lower Sinemurian laminated organic-rich black shale of the A. bucklandi 517 ammonite Zone. In this model, organic-lean mudstones from the Lower Sinemurian A. 518 bucklandi ammonite Zone formed under oxygenated seafloor conditions, due to limited 519 supply of marine and terrestrial organic matter (Phase 1, Fig. 7 ). Oxygenated conditions in the 520 pore water and minor microbial methanogenesis generated only a minor flux (if any at all) of 521 methane gas across the sediment-water interface and into the overlying water column. 522
Palaeoenvironmental and palaeoceanographic changes in response to orbitally paced changes 523 in climate and palaeoenvironment may have enhanced the hydrological cycle, leading to an 524 increased flux of terrestrial organic matter into the basin (Phase 2, Fig. 7; Fig. 3 ). Enhanced 525 nutrient supply possibly also initiated increased marine primary productivity. This larger flux 526 of carbon to the sedimentary organic matter pool, in concert with possible density 527 stratification of the water column resulting from increased runoff (Weedon, 1986 ; 528 returned the system to organic-lean mudrock deposition (Phase 3, Fig. 7; Fig. 3 ). An elevated 537 flux of biogenic methane from the underlying organic-rich laminated shale, however, still 538 palaeoclimate. The 3‰ negative excursion in the δ 13 C TOC and the 2‰ negative excursion in 577 the δ 13 C carb , in concert with a mass bloom of Tasmanites (green algae) and an apparent shift to 578 anoxic/euxinic water-column conditions, coincided with the deposition of organic-rich 579 laminated black shales. These phenomena, combined with a change in the terrestrial 580 vegetation assemblage, occurred over a period of ~100 kyr. This perturbation of the 581 palaeoenvironment was in phase with a long-term (~405 kyr) eccentricity maximum and 582 succeeds similar, but less intense, events throughout the Early Jurassic Hettangian Stage in 583 the Bristol Channel Basin. 584
The formation of methane-seep mounds on the Early Sinemurian (A. bucklandi 585 ammonite Zone) seabed in the Kilve area followed the deposition of organic-rich laminated 586 black shale deposition by ~200 kyr (~5 m). Seep formation possibly resulted from biogenic 587 methane production (by microbial methanogenesis) in the organic-rich shale and the 588 channelling of this gas, which was likely over-pressured in the pore spaces of the source-rock, 
